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FOREWORD

The Computational Fluid Dynamics (CFD) computer codes and Knowledge-Based System
(KBS) were generated under NASA contract NAS3-25644 originating from the Office of
Advanced Concepts and Technology and administered through NASA-Lewis Research Center.
The support of the Program Manager, Anita Liang, and the advice and direction of the
Technical Monitor, Robert Hendricks, are gratefully appreciated. Major contributors to code

development were:
* Dr. Bharat Aggarwal: KBS and 0S/2 PC conversion of labyrinth seal code KTK
* Dr. Antonio Artiles: cylindrical and face seal codes ICYL and IFACE
* Dr. Mahesh Athavale and Dr. Andrzej Przekwas: CFD code SCISEAL

* Mr. Wilbur Shapiro: gas cylindrical and face seal codes GCYLT, GFACE, and seal
dynamics code DYSEAL

* Dr. Jed Walowit: spiral groove gas and liquid cylindrical and face seal codes SPIRALG
and SPIRALIL

The labyrinth seal code, KTK, was developed by Allison Gas Turbine Division of General
Motors Corporation for the Aero Propulsion Laboratory, Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, Ohio. It is included as part of the CFD
industrial codes package by the permission of the Air Force.
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NOMENCLATURE

A, B

by = By (C/12uR")

C

e

€y €
€, €, €,

€. &

F,, F, F,

f = F/(P,R?)

q = Q, (12wP,C?

R

Misalignment of rotor about the x and y axes, respectively [radians]
Dimensionless damping coefficient matrix, where i, j = x, y, z, o, B
Nominal clearance [L]

Rotor eccentricity at z = 0 [L]

Roughness of the housing and journal surfaces [L]

Components of rotor eccentricity [L]

Unit vectors in the meridional and circumferential directions
Components of fluid film force [F]

Dimensionless fluid film force

Local film thickness [L]

Local film thickness for the concentric aligned rotor
(ie,e,=e,=¢,=A =B =0)[L]

Dimensionless local film thickness

Dimensionless coefficient of pressure drop at inlet to film

Stiffness and damping coefficient matrices, where i, j= X, y, z, o, B
Dimensionless stiffness coefficient matrix, where i, =%y 0B

Meridional extent of seal surface (seal length for a cylindrical seal and
radial extent for a face seal) [L]

Components of fluid film force about x and y axes [F-L]
Dimensionless fluid film moment

Unit vector normal to fluid film boundary

Local pressure [F/L?]

Dimensionless local pressure

Left and right boundary pressures for a cylindrical seal (boundary
pressures at inner and outer radii for a face seal). [F/L?]

Pocket and supply pressures [F/L?]

Reference pressure, used for scaling the pressure field (set internally by
program to maximum of P, P, or P.) [F/L?]

Flow from pocket or recess [LY/T]
Dimensionless flow from pocket or recess

Seal radius for a cylindrical seal, outer radius for a face seal [L]
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Re’ = ph’Vp/u?
Re, = pCP /(R
t

u=U (12}1R/C2P0)
v =V (12uR/C?P,)
U,V
U, U

]

X,Y,Z

o
p
€0 € €,
€ =¢e/C
0

A, = 6uUR/(CP,)
A, = 6uUR/(C?P,)

A, = pC°P,/(288 A ’C 1)
A, = K, (Re,"C/288 R)

u

P

o, O,

T =t (C?P,/12uR?)

Local Reynolds number based on pressure-driven flow
Reference Reynolds number based on pressure-driven flow
Time [T]

Dimensionless circumferential component of fluid velocity
Dimensionless meridional component of fluid velocity

Circumferential and meridional fluid velocity components, averaged
across the film [L/T]

Linear velocity of housing and journal surfaces
(equal to Ra,, Ra, respectively) [L/T]

Cartesian coordinates [L]

Dimensionless meridional coordinate (Z/R for a cylindrical seal, r/R for
a face seal)

Misalignment ratio about the x-axis

Misalignment ratio about the y-axis

Components of rotor eccentricity ratio (€ = e/C)

Rotor eccentricity ratio

Circumferential coordinate [radians]

Dimensionless velocity of housing surface

Dimensionless velocity or rotor surface
Coefficient of orifice restriction

Coefficient of pressure drop at inlet to film

Fluid dynamic viscosity [F-S/L%]

Fluid density [F-T?L*]

Angular velocity of housing and journal surfaces [rad/T]

Dimensionless time
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1.0 INTRODUCTION

NASA's advanced engine programs are aimed at progressively higher efficiencies, greater
reliability, and longer life. Recent studies have indicated that significant engine performance
advantages can be achieved by employing advanced seals [1]°, and dramatic life extensions
can also be achieved. Advanced seals are not only required to control leakage, but are
necessary to control lubricant and coolant flow, prevent entrance of contamination, inhibit the
mixture of incompatible fluids, and assist in the control of rotor response.

Recognizing the importance and need of advanced seals, NASA, in 1990, embarked on a five-
year program (Contract NAS3-25644) to provide the U.S. aerospace industry with computer codes
that would facilitate configuration selection and the design and application of advanced seals. ‘

The program included four principal activities:

1. Development of a scientific code called SCISEAL, which is a Computational Fluid
Dynamics (CFD) code capable of producing full three-dimensional flow field
information for a variety of cylindrical configurations. The code is used to enhance
understanding of flow phenomena and mechanisms, to predict performance of
complex situations, and to furnish accuracy standards for the industrial codes. The
SCISEAL code also has the unique capability to produce stiffness and damping
coefficients that are necessary for rotordynamic computations.

2. Generation of industrial codes for expeditious analysis, design, and optimization of
turbomachinery seals. The industrial codes consist of a series of separate stand-alone
codes that were integrated by a Knowledge-Based System (KBS).

3. Production of a KBS that couples the industrial codes with a user friendly Graphical
User Interface (GUI) that can in the future be integrated with an expert system to
assist in seal selection and data interpretation and provide design guidance.

4. Technology transfer via four multiday workshops at NASA facilities where the results
of the program were presented and information exchanged among suppliers and users
of advanced seals. A Peer Panel also met at the workshops to provide guidance and
suggestions to the program.

This final report has been divided into separate volumes, as follows:

Volume 1: Executive Summary and Description of Knowledge-Based System

Volume 2: Description of Gas Seal Codes GCYLT and GFACE

Volume 3: Description of Spiral-Groove Codes SPIRALG and SPIRALI

Volume 4: Description of Incompressible Seal Codes ICYL and IFACE

Volume 5: Description of Seal Dynamics Code DYSEAL and Labyrinth Seal Code KTK
Volume 6: Description of Scientific CFD Code SCISEAL.

This volume describes the codes ICYL (incompressible, cylindrical) and IFACE
(incompressible, face) that determine performance of a variety of incompressible fluid-film

"‘Numbers in brackets designate references presented in Section 6.0.
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seal configurations. Both were written in FORTRAN for a PC environment using OS/2 as an
operating system. References 2 and 3 provide the details of code implementation.

The computer code ICYL was developed [1] to evaluate the performance of cylindrical seals
operating with incompressible fluids. The computer code IFACE was subsequently developed
to also handle face seals. The pressures generated in plain cylindrical seals with
incompressible fluids typically result in forces which are normal to the displacement and
therefore tend to destabilize the rotating shaft. Surface roughness, geometry alterations, and
external pressurization are ways in which the direct stiffness and damping coefficients can be
improved and the cross-coupled stiffness decreased in order to improve stability.

The pressure and velocity distributions within the seal clearance are first evaluated from the
governing equations. From these, design quantities such as seal leakage flows, power loss
and resulting forces and moments are calculated. Minimum film thicknesses and maximum

pressures as well as critical rotor-dynamics coefficients such as stiffness, damping and critical
mass are evaluated.

Program capabilities:
1. 2-D incompressible isoviscous flow in cylindrical and face geometry.
2. Rotation of both rotor and housing.
3. Roughness of both rotor and housing.
4

Arbitrary film thickness distribution, including features such as steps, pockets, tapers
and preloaded arcs

hd

Rotor position described by four degrees of freedom (translational and rotational)

6. Up to 32 dynamic coefficients as well as the critical mass may be calculated for use
in rotor-dynamic design, including system response and stability calculations.

7. Steady external forces and/or moments may be prescribed to find the position of the
rotor relative to the housing.

8. Pocket pressures or orifice size are prescribed.
9. Laminar or turbulent flow.
10. Cavitation.

11. Inertia pressure drop at inlets to fluid film (from ends of seal and from pressurized
pockets).

Assumptions:
1. The film thickness is assumed to be small compared with seal lengths and diameters
but large compared with surface roughness.

2. Pockets supplied from an external pressure source through an orifice restriction are
assumed to be sufficiently deep that the pressure is constant within them.

3. Wall roughness is assumed to be isotropic and represented by an "equivalent sand
roughness" height.

4. Fluid inertia effects in the film are negligible.

This report describes the fundamental theory, sample problems and code validation.

NASA/CR—2004-213199/VOL4 2



2.0 THEORETICAL DESCRIPTION AND NUMERICAL
METHODS

Figures 1 and 2 illustrate the geometry of a cylindrical seals as well as the coordinate system
used to describe it. Figure 1 shows the seal housing of length L separated from the rotor by
the film thickness C. The coordinate system is placed at the mid-length of the seal with the
circumferential coordinate 6 measured from the x-axis. Figure 2 shows an axial cross-section
of the film thickness with an eccentric rotor. Figure 3 similarly illustrates the geometry and
coordinate system used to describe a face seal, from side and end views. The top part
illustrates the seal ring rotating with a stationary mating ring, while the bottom illustrates the
reversed situation. Figure 4 illustrates the lateral and angular displacements of the rotor as
well as the direction of the fluid film forces and moments.

For the cylindrical geometry, the film thickness and time derivative are written:

H=H, - (e ,+ZB)cos6 - (e,-ZA)sin0

(1)
ae"+ a_B cosf - _ai—Za_A sin®
0 ot ot

where H, an arbitrary function of film coordinates, represents the film thickness distribution
for a rotor that is aligned and centered with the housing. A and B represent the angles of
rotor rotation about the x and y axes, respectively, while e, and e, represent the components
of rotor eccentricity at the seal mid-length. The former are referred to as the angular
displacements and the latter as the lateral displacements.

For the face geometry,

H=H, + e, - Brcos@ + Arsin@

dH 9de, 9B dA @
2 = 2 - 2= rcosB+ —Zrsind
ot ot at ot

where r is the local radius and e, represents an axial eccentricity of the rotor away from the
housing.

One innovative feature of the code is the ability to specify recessed regions in the field with
bi-directional tapers, as shown on Figure 5, by specifying the depths at the corner points of
the region and using linear variations between the corner points.
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Figure 1. Cylindrical Seal Geometry
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Figure 2. Axial Cross Section of Seal with Eccentric Rotor
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Figure 4. Rotor with Lateral and Angular Displacements
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2.1 Governing Equations

The equations governing the flow of incompressible fluids in thin films are obtained [4,5,6]
by integrating the Navier-Stokes momentum and continuity equations across the film"

(fRe;+f,Re,) ,_ _H? ap  (RefU+Re,f,U,)

2 ur 06 2
3)
(f.Re;+1f,Re,) Ve _H? 3P
2 MR d¢
1 0 1 0 oH
UH) + —_Z(VH) + Z2_ =0 (4)
rae( A Rac( A ot

where f; and f, are the friction factors relative to the housing and journal surfaces,

respectively, and are functions of the Reynolds numbers relative to these surfaces as well as
their roughness. They are given by:

Re = %’L_’,/( U-U) +V? (5)

where i=j,b, and

_1; , Re;<1000 (laminan

4 6
71?3(1 -3E2+2E%) + £'(3E2-2¢%), 1000<Re <3000 )
ei

\ ", Re, > 3000 (turbulent)
¢ - Fe-1000
~ 72000

2 Re,

i

1
. 10%e, 6 |3
f'= 0.001375/1 +[ - + 10 ]

"Film and film thickness are used to mean the gap of lubricant separating the rotor and housing.
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The friction factor for turbulent flow through pipes, f', in equation (7) uses the curve-fit
obtained by Nelson [7] to Moody's data. The transition from laminar to turbulent flow is
obtained using a cubic polynomial which matches values and slopes at both ends, as reflected
by equation (6). Figure 6 is a plot of the friction factor versus Reynolds number and surface
roughness, while Figure 7 is an enlargement showing the detail of the transition region.

Under laminar flow the friction factors are equal to 12/Re and the momentum equations can
be solved explicitly for the velocities in terms of the pressure gradients:

—12H28_P + RO’ Y
MR 00 2

U:

HR o¢

There is no effect of roughness if the flow is laminar.

Lubrication Background

In the classical theory of lubrication, when the housing is stationary and the rotor wall velocity is
U=ar, the fluid velocity components are expressed explicitly in terms of the pressure gradients:

2 2
HGap, e\, _HG op ©)
12pr 06 2 12uR 9¢

where G, and G, are turbulence coefficients [8] which become unity in the laminar regime.

Substituting these velocity components into the continuity equation, results in the classical
Reynold's equation:

1 9 sg 0P|+ L 9fppg 9P L 6pe2H 4 12,8H (10)
re 0o a6 R?0¢ ¢ 00 ot

Boundary Conditions

Boundary conditions on the film pressure distribution consist of prescribing either the pressure
at the boundaries of the film, the flow normal to these boundaries, or a relation between these
two quantities.

At the circumferential ends of the seal surface model, either the pressures are prescribed:
P=0at®=0,and P=0at 6 =6,
or periodic boundary conditions exists:
P( 6=0)=P( 8=06,) and U( 8=0)=U( 6 =06,

Periodic boundary conditions are used, for example, for a 360° seal, where 0,=0_+27.
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Figure 6. Friction Factor versus Reynolds Number
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Fig.1 Transition friction factor
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Figure 7. Detail of Friction Factor in Transition Region
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For a cylindrical seal the pressure/flow relationship is prescribed by:
P=P - K, ¥2pV,? and P=P, - K, pV >

at the left and right ends of the seal surface model, respectively. When a symmetry boundary is
present at the seal mid-length, only the left half (-2L < z < 0) of the seal is modeled and the
right end relationship is replaced by a zero axial velocity, V(0,0)=0. For a face seal, the same
relationships are used at the inner and outer radii, although no symmetry boundary is possible.

P=P - K, ¥2pV? and P=P, - K, Y4pV >
At pocket boundaries, the relationship of film pressure to flow is written:
P=P, - K, ¥2pV,>.

In all of the above relationships, V,is the flow velocity at the entrance to the film, normal to
the pressurized boundary and given by:

L [pa vamo
" | 0 v-h<0 (11)
V= ueé, + ve,

No pressure drop exists in the case of reverse flow (i.e., flow into the pressurized boundary).

External Pressurization

The pressure drop across the orifice supplying the pocket is given by:

2
Q 12)
P -P = L B (
s e Sg”(o’)z[Aocd]

where A, is the orifice area, C, is the discharge coefficient and the flow Q, is obtained by
satisfying continuity over the pocket volume:

Q - $HP-AdS+ [9H ga
: Zf /[at (13)

P P

where A, is the pocket area, S, is its perimeter. The contribution of V- to this last equation
may be positive or negative.

NASA/CR—2004-213199/VOL4 13



Dimensionless Variables

Using the following transformation to dimensionless variables,

b= B (CY12 uR*) 1=t (C?P/12 RY)

f= F/(P,R%) A= 6 pU,R/(C?P,)

h= H/C A= 6 WUR/(CP,)

k= K (C/P.RY) e= e/C

m= M/(P.R?) a= A (R/C)

p= P/P, B= B (R/C)

q=Q, (12 wP,C? Re'= ph’Vp/ i

u= U (12 pR/C?P,) Re,'= pC?P/(R 12)

v=V (12 pR/C?P) A= pCP/(288 A’C; 12)
C = Z/R for cylindrical geometry = (Re,7288) (C’R/A ’C,2)
= 1/R for face geometry A=K, (Re,"C/288 R),

the dimensionless film thickness is now written for the cylindrical geometry:

h = h,- (e, +zB)cosB - (e,-za)sind

(14)
ill = - i?i+zi@_ cosh - &—ziq_ sin®
ot ot ot ot dt

and for the face geometry:

h=h +e,-pLcosd + a{sind

oh _O¢, 9P da , . (15)
2= - —+ ¢ cosf+ —{sind
ot ot ot ot
Equations (3), (4) and (5) become:
fRe,+f R
(e 1y eb)u= 1212 9P (Re,fA +Re,fA,)
2 a0 Fr
(16)
(f.Re; +f,Re,) Vo 1op2 9P
2 dz
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Ouny + wn) + 9N g (17)
00 0z dt
Re'h
Re,= — u-2A2 +v?, i=jb (18)
= (u-24) j

Equations (6) and (7) remained unaltered, as they were already dimensionless.

The dimensionless form of the boundary conditions now become, at the circumferential
ends, either

p(¢, 8) =0 and p(, 6)=0

or

p(&, 8) = p(C, 6,) and u(g, 6) = u(, 6,

when periodic boundary conditions are present. At the left end, the dimensionless boundary
conditions become

p(-L/D.6) = p; - Av,’
and at the right end, either
p(L/D.B) = p, - AV,
or
v(0,0) = 0.
At pocket boundaries

p(Z»e) = pp - AeVn2

where:

v, =

v-n, v-A>0
0, v-n<0 (19)

V=ué, +vé,

Equations (12) and (13) governing the external pressurization become:

p, - p, = sgn(q,) A q; (20)
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. oh
., =¢hv-Aids + |— dBdz 21
% - § J o (21)

P

2.2 Solution of Film Pressures

Discretization of the seal surface is done by using a rectangular grid, with M lines in the
meridional direction and N lines in the circumferential direction. The grid lines are separated
by variable increments. The pressure distribution is represented by discrete values at the grid
points located at the intersections of the grid lines. There must be grid lines coincident with
the boundaries of the seal surface and with the pocket boundaries. Using the cell method [91,
a control area or cell is centered at each grid point and extending half way to the neighboring -
grid lines, as shown by the shaded area in Figure 8. The grid points are noted by the solid
circles and have grid coordinates i,j. The film thickness is evaluated at the corners of the cell
(denoted by the shaded circles marked hy, h,, h;, and h,) located at the geometric centers of
the rectangles formed by the grid lines. This staggered configuration allows a discontinuous
film thickness to be treated, as occurs, for example in a seal with a Rayleigh-step.

Circumferential and meridional components of velocity are also associated with each of the
four cell corners.

Using the divergence theorem, the continuity equation may be integrated over the cell to give:

-i hv-i dS - J %T’? dA (22)

where A, and S are the cell area and perimeters, respectively. The left hand side of the
above equation is the sum of the flows out of the cell while the right hand side is the rate of
change of the cell volume. The finite-difference form of this equation is:

Az Az
Fi,j = T(U1h1 —U4h4) + 2 1 (uzhz —U3h3) +
+ ATGI'(W h, -v,h,) + AEH (vohy ~v,hy) - (23)
1 oh;
" 6_1:] (Az,.+A z,._1)(AB].+A6j_‘) =0

where F,; is the error in satisfying continuity of flow in the cell centered at i,j. Although the
time rate of change of film thickness has been evaluated at the center of the cell, it could
have alternatively been evaluated at each of the four cell corners.
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When the grid point falls on a pressurized boundary, such as a pocket or seal end, the film
pressure error is:

F, =P, - P ~A,max(0,v,) =0
24
%, (24)

where p, is the dimensionless boundary pressure’, v, is the mean velocity of the flow that
crosses the portion of the boundary perimeter that intersects the cell, and %, ; represents the
sum of the appropriate terms in equation (23) contributing to the cell flow. Figure 9 shows

an example of the cell i,j located at the right bottom corner of a pocket. In this case, the
mean velocity would be evaluated as:

] AQ, ]
5 5 ~(uph, —uzhy) + T’(v1 h, -v,h,) - > L(vyhy) - 25

oh;, (Az;+Az )A6, + Az A6,
ot 4

(A 6/—1 *Az) hi,j
2

Equations (23) and (24) represent the finite-difference form of the continuity equation that
must be solved for the pressures. The eight components of velocity used in these equations
are functions of the nine pressures at or neighboring grid point i,j, and are evaluated as
described in section 2.3. Following the procedure described in Reference 10, these highly
nonlinear equations can be solved using the Newton-Raphson iteration method [11]. The
procedure is started with an initially guessed or previously calculated pressure distribution, p, i
The error function Fy is then linearized about this guess in order to obtain a better
approximation to the pressures p; ;"™

F. o+ — Py -P,} =0
ij o aPkl( kl kl) (26)

where a forward difference or a central difference may optionally be used to numerically
evaluate the partial derivatives. Pressures without the superscript new relate to the previous
or "old" approximation. If we introduce the column vector {p,""} as the M new pressures at
the jth column of grid points, Equation (26) may be written:

[CI{p"™"} + [ET{p,%"} + [D'1{p,x"} = (R} , (27)

"P/P,, P/P, or P /P,.
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where [C], [E'] and [D'] are tri-diagonal matrices whose interior elements are:

, oF . , oF. , oF.
Ciw = ——, Bju =——, Dl =—1_ k=-1,0,1; i=2,.,M-1.
P, O, w1 P, o

The interior elements of the column vector {R¥} are:

1

Rij = E (Ci]:i+kpi+k,j + Eifi’kph\k,j—1 + Di];iﬂ(pi\‘k,jn) - Fi]

k=-1

The set of linear equations (27) that result for the next guess of pressure distribution is in a
form suitable for solution by the column method which is described in detail in References 9

and 12. This method makes use of the banded nature of the equations in order to minimize
computer time.

2.3 Solution of Flow Velocity

The momentum equations (16) are used in order to evaluate the velocity components from the
pressure gradients. These equations may be rewritten in the generic form:

fRe +f Re
G [a_p,u,v] = 5TG 8 qpp2 0P (Re;fA+Re,f,A,) =0,
“l 00 o) EY: N
(28)
)}Rej+beebV  12n29P _
0z

Gv[gﬁ,u,v
0z

where the Reynolds numbers used to evaluate the friction factors are based on the magnitude
of the local fluid velocity relative to each surface:

Re’h
Re,= Go

i

‘/(u—ZAj)g + V2,
(29)

The dependence of the friction factors on velocity components orthogonal to each momentum
direction couples the two momentum equations. Figure 10 is a schematic of the rectangular
region between meridional grid lines i and i+1 and circumferential grid lines j and j+1. In
order to preserve continuity, it is essential that the same equation be used to evaluate the
velocity components for adjacent cells. That is, the velocity u, out of the shaded cell centered
at 1, must have the same value as the velocity u, into the cell centered at i,j+1 (see Figure 8).
This value is designated as u in the figure. Similarly, the velocity v, out of the cell i,j must

NASA/CR—2004-213199/VOL4 20



i+1, j+1

Figure 10. Schematic of Rectangular Region Between Grid Lines
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be the same as v, into the cell at i+1,j, and is designated as v’. This is achieved by using the
average of the two corresponding orthogonal components. Thus, the component u is
determined by the u-momentum equation:

pi,jn_pi,,‘ u- v +v? 0 (30)
‘I a2

Il

while the component v’ is determined by the v-momentum equation:

G pi+1,j_pi,j’ U'+U+, V- 0 (31)

1 Az 2

Similarly, u* and v* are determined by:

G, P ju _pi+1,j’u+’ virvhl o 0
AD, 2

) ' (32)
G Pi J+ _pi,jn u-+ut vl =0
1 az, 7 2

L B

Equations (30), (31) and (32) are four coupled equations that determine the velocity
components from the four pressures at the corners of the rectangle between grid lines and
must be solved simultaneously. This is done using an inner Newton-Raphson iteration loop.
By performing the differentiation of the error functions (G,, G,, ...) with respect to the four
unknown velocities, analytically instead of numerically, significant computer time is saved. If
the velocities have not been previously calculated initial guesses may be obtained from equations
(8) assuming laminar flow. Once the iterations for the velocities have converged, their values are
saved to provide a good starting guess for the next time they must be calculated.

One simplification is possible by assuming that the friction factors are constant within the
rectangular region and the Reynolds numbers are based on the averaged flow velocity
components, Y2(u+u*) and Y2(v+v*). Although this does not uncouple the four equations, it
requires less number of evaluations of the square root in equation (18). Since this assumption
saves some computer time without introducing significant errors, it was chosen as the default
program option. However, occasionally when the grid is not very fine and the pressure
gradients vary rapidly, the iterations will diverge and the more rigorous formulation, which
uses distinct friction factors for each of the four momentum equations, should be used.

If the surfaces are smooth and the housing is stationary so that the continuity equation takes
the form of equation (10), the simpler formulation described in detail in Reference 10 may be
used, resulting in significant reduction in computer time.
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2.4 Fluid Film Load, Moment and Torque

The forces and moments on the rotor generated by the fluid film pressure distribution are
obtained by integration of the pressure distribution over the cylindrical seal surface:

Fy cos6
IFL L8 sin®
= [ [ Py, {RdBdZ
M, LB, -Zsin@
M, ZcosB

The dimensionless form of this equation is written:

( 1
e L cos6
1 D 8, sin®
= [ [ py_ . d0dz
m, L b, -Zsin®
m, D zcosH

For the face geometry, the differential of forces and moments are given by

F, 1
diM,t = p1-rsing| dA
My rcos@

where the pressure p is a function of r and 6 and

dA = rdrdf

(33)

(34)

(35)

(36)

The pressure in the rectangular region 6,<6<8,,;, Ri<r<R;,, can be expressed most accurately

as a bilinear function of the coordinates as:

p(r®) =a, +a,r+a,0 +a,ro
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where the coefficients are functions of the values of the pressure at the four corners of the
rectangle:

(pi,j Ri+1 - pi+1,j Ri)ej+1 - (pi,j+1 Rm - pi+1,j+1 Ri)aj

81 =
(Rm - Rf) (em - 9/)
a, - Pija R - Pi ju R, - Pi; R + Pin R;
(Ri+1 - R,.) (em - e/) (38)
a, - (pm i~ P )ej+1 - (pi+1,j+1 = Pija )6/
(RM - Rf) (Gjﬂ - e/')
a, - Piaja = Pija ~ Puaj * Py

(Ri+1 - Ri) (ej+1 - ej)

The contribution to the fluid film forces and moments corresponding to the rectangle is then
obtained by integrating equation (37):

F,| & A ar+a,r’+a,m+a,ro
AWM, = I f (-a,r> - a,r®* - a,r*0 - a, r*0)sind} drad (39)
M) o R a,r? +a,r® +a,r’e +a,r’6)cosd

to obtain:

FhY B S £

oM
QD

| (40)
AM, = -2 -6 S5 S S
M a
LR I N - - VR s
a4
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where

8,

1+

8.
e = j 6"cosf d = | cos™® - 67sind ]e,
8 !
0,
i 8.
3 = f 8"sin dd =[ sin"@ - B"cosd | ,
(@1)
ejol 01.74»1 _ 6(7+1
S = j 0" a9 = 1 T .
5 n+1
= R'nf _ Rf‘lﬂ
o = rodr=r"dr=_-__ " |
Jn J; ! n+1
For the cylindrical geometry,
Fr —-cosf
F -sind (42)
Yy
d M, zsing | 198DZ
M, -z cosb

The pressure in the rectangle (6,<6<9,,,,2,<z<z;,,) can be expressed as a linear function of the

coordinates:

NASA/CR—2004-213199/VOL4
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where the coefficients are functions of the values of the pressure at the four corners of the

rectangle:

_ (pi,j Ziw ~ pi+1,j Zi)ejﬂ - (pi,j+1 Ly ~ Py J+ zi)e/'

a,
(@ —2) B - 6;)
a = p/J+1 Ziy ~ pi+1,j+1 Z - piJ' Zia * pi+1,j Z;
2
(@ -2) . -6)
a, - (pm,j - pi,j )0j+1 - (pi+1j+1 - pi,,-+1 )ej
(1 = 2) (61 -96;)
a, - Piju ~ Pijn ~ Pivj * Pi;

(Zm - zi) (ej+1 - ej)

Substituting equations (43) & (44) allows integration of (42) over the rectangle:

F, +a, +a,z +a,0 + a, z0)cosb
Fy R 8. 2w —(31 + aZZ + a36 + a4ZB)SInB d
AMX - ,! f (a,z + a,z% + a, 28 + a, z20)sind zd
M, " Haz +a,z% + a,28 + a, z26)cosd
Defining
Ziw n+l n+t
Ziy - Z
no_ z" dz = i+l i
S -Z[ n+1
yields

1| s v wal
, F | Y NS Sl
ZX 8 X 2 ¥
Tl 2 -9le ¥8) b,
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The differential of torque transmitted from the housing to the rotor is given by the cross
product of the position vector T and the shear traction vector acting on the housing ¥:

T-Té = [[rxtdA
Ay

= R [[& x (x-&,) dA (48)

;PR [fin ap _ fA(u-2A) - LACEI SN
26, ) 72h

For laminar regime, fRe; = f,Re, = 12, and the equation simplifies to:

T =

P R? A-A
A

The power loss due to the difference in velocities across the two surfaces is obtained by the
dot product of this torque with the relative velocity:

P=T(a - )
2 . _ _ (50)
PR Jj{hap fR(u24) - f,R,(u-24A,)

= - o } (A-A,) dBdZ
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2.5 Stiffness and Damping Coefficients

Defining W to be a generalized vector of forces and moments generated by the fluid film
pressure and r to be a generalized vector of lateral and angular displacements:

fX
f ©x )
W= d r=1 f-= 9 o )
m, o Jt o
m) ¢ p

the matrices of stiffness and damping coefficients can be written:

aW. aWw.
= - ! b. = - ! (52)
v or. v or

J J

where the subscripts i and j range over x, y, & and B. These coefficients are evaluated by
numerical differentiation of W, using a forward difference. For example:

K - Fee €, a+d, B) - Fy(ex, €, «, B) (53)

ya 5

2.6 Solution of Rotor Position and Pocket Pressures

If the rotor position is specified, equation (51) is used to solve for the fluid film forces and
moments in terms of the calculated pressure field. Similarly, if the pocket pressures are

specified, equation (12) is used to solve for the orifice size in terms of the supply pressure
and calculated pocket flow.
On the other hand, if externally applied loads and moments on the rotor (fyp f,po m,, and m

)
yg
are specified they must be balanced by the fluid film forces to maintain static equilibrium.
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Similarly, once the orifice size is specified, equation (12) must be satisfied by the pressure in

each pocket. The global set of equations that must be satisfied by the rotor displacements and
pocket pressures are:

£ = £,
i = -,
m(r) = -m,
m(H = -m, (54)

Ps = Ppr = Sng(Q,) A,(q,), for pocket 1,

H

Ps = Pz = SNg(q,,) A, (g, for pocket 2, etc.

The vector ¥ can now be redefined to include the pocket pressures and a generalized vector
of errors in forces, moments and pocket pressures W, can be defined:

( w
e, fo+ e
g, f,+ fy
a 4 m, +m, } (55)
r=1p( W, = m, +my,
o1 Ps -~ Py = S9N(q,) A(q,)
pf’z Ps ~ Ppz ~ sgn(q,,) Ar2(qr2)2
\ " ) :

Solution of the global equations is performed by Newton-Raphson iterations, as follows:

ow,
or

W +

e

(rnew _ I’) =0 (56)

where, as before, the superscript new indicates the newer values of the vector r.
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3.0 SAMPLE PROBLEMS FOR CODE ICYL

A number of sample problems were completed to demonstrate the behavior and various features
of the computer code. They are intended primarily for illustration and do not necessarily
represent recommended seal designs. Table 1 summarizes the mesh size and approximate
execution times (on a 20 MHz 386 PC), as well as the specified and computed variables.

The complete input file is included at the top of the output file for each case. The filenames
used in the samples all used the prefix icyl. For example, EX1 used fname = icylEX1.

Samples EX1, EX2, and EX3 were selected with a coarse (5 x 11) mesh covering a 90° sector
in order to demonstrate the use of pressurized pockets and iterations for rotor position within .

a reasonable execution time. A pocket with a supply pressure of 100 psi was centered on the
seal sector modeled.

Sample EX1 contained two cases. In the first case, the pocket pressure was specified as 50 psi,
resulting in an orifice diameter of 0.0137 in. calculated by the program. Both components of the
resulting fluid film force are equal and the moments are zero, as would be expected at the
concentric position. In the second case, the rotor was moved with eccentricity ratio of €, = 0.1
and given a misalignment ratio of = 0.1 about the y-axis. With the value of orifice
diameter already assigned from the first case, the pocket pressure and forces rise slightly,
generating non-zero moments.

In sample EX2, external forces and moments equal to the negative of those resulting in EX1
were specified, in order to have the program iterate for the rotor radial and angular positions.
Five unknowns, the four displacement components (g,, €,, 0, and B) as well as the pocket
pressure, are iterated for simultaneously. The initial pressure distribution was read from the
converged values of EX1. Since the iteration was begun at the concentric position where the
orifice was sized, the pocket flow error was zero and increased when the rotor was moved in
the first iteration, causing the run to abort. When the limit on diverging iterations was
increased to 2, the iterations converged in only 3 iterations to within a small error of values
expected (g, = 0.1, § = 0.1).

In sample EX3, an axial taper of +30% of the clearance from end to end was superimposed.
In this sample, the program was asked to find the angular rotor position such that no external
moments were required, while the rotor eccentricity was varied, using €, = 0.1, 0.3 and 0.5
for the first, second, and third cases, respectively. The results show that as the eccentricity is
increased in the x-direction, the rotor twists about the y-axis in order for the moments
generated by the film to be zero, resulting in § = 0.050 and 0.17 at € = 0.1 and 0.3,

respectively. The case of €, = 0.5 resulted in a negative film thickness with the appropriate
error message and recommended user action:

* Reduce the specified applied forces/moments
» Reduce the specified eccentricity/misalignment.

The resulting film thickness and pressure distributions for sample EX3 are shown in Figures
11 and 12, respectively.
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Table 1. Summary of Sample Cases for Code ICYL

Case Mesh  ISYM . Variable App.exec Features
Size Found Specified time
EXT 5x11 0 dorif,P . Pk (Ex,dorif 4.6 min 1-pocket
EX2 Sx11 0 €€y @, B, P Fo Fy M M, dorif 11.6 min 1-pocket
EX3 5xi11 0 a,B,Po M, M, dorif 6.2 min Tapered pocket
F3 9x61 1° - atl 29 min Raleigh-step
F&4 7x61 0 - alt 7.8 min Axial taper
F9 5x73 1 K,B all (3 preloads) 1.6 hrs 3-lobe
11 Sx61 1 dorif P ook 7 min 4-pocket
12 5x61 1 S ¢ € dorif 1.8 hrs 4-pocket
13 5x61 1 €0 €yiProc FFy dorif 1.9 hrs 4-pocket
14 9x61 Q K,B,Po €, ,a,dorif 7.7 hrs 4-pocket
15 11x61 0 dorif Pro 5.2 min 8-pocket
6 11x61 0 P oo dorif,e ,a 3.1 hrs 8-pocket
015 5x31 0 K,B all 1 hr 45 sec Roughness
'. K.B indicate whether stiffness, damping coefficients were requested.
on an IBM PS/2 model 70 (386 20-Mhz) computer.
95TR34-V4
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ICYL: ICYLEX3 FILM THICHNESS DISTRIBUTION
90 DEG SECTOR: CALCULATE ANGLULAR POSITION FOR ZERO MO

RADIUS= 1.0000 SPEED= 1000.0
LENGTH= 4.0000
CLEARANCE= 10000E-02

Figure 11. Film Thickness Distribution for Sample EX3
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ICYL: 1CYLEXS PRESSURE DISTRIBUTION
90 DEG SECTOR: CALCULATE ANGLULAR POSITION FOR ZERO MO

RADIUS= 1.0000 SPEED-= 1000.0
LENGTH= 4 0000
CLEARANCE = .10000E-02

w{ T rFT T

L4AB7E+0

Figure 12. Pressure Distribution for Sample EX3
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Sample F3 shows a 120° sector with a Raliegh step of linearly varying depth. The resulting
film thickness and pressure distributions are shown in Figures 13 and 14, respectively.
Sample F4 shows a 120° sector with an axial taper in the right half (4<i<7) of 0.001 in.
Since two fewer intervals were used in the axial direction than in the previous cases, and
since half as many iterations were required for the pressure distributions, the execution time
was reduced from about 29 to 8 minutes. The resulting film thickness and pressure
distributions are shown in Figures 15 and 16, respectively.

Sample F9 is that of a full 360° seal with three 60° lobes. The dynamic coefficients were
requested as the preload was increased from 0.1 to 0.3 in the middle case, to 0.8 at the last

case. The resulting film thickness and pressure distributions are shown in Figures 17 and 18,
respectively.

Samples I1 through I14 are more realistic models since they represent the full circumference.
In sample I1, the program takes about 7 minutes to calculate the orifice diameter for given
pocket pressures. The resulting pressure distribution is shown in Figure 19. Sample 12 is the
same as Il except that the eccentricity and orifice diameter were prescribed, requiring the
program to solve for the four pocket pressures. The resulting film thickness and pressure
distributions are shown in Figures 20 and 21, respectively. In sample I3, the orifice diameter
as well as the radial force were prescribed, requiring the program to solve for the radial
position as well as the pocket pressures.

Sample 14 shows the dynamic increase in execution time with the number of axial grid lines,
M. Sample I1 is a model of only half of the seal, symmetry imposed, at the concentric
position with the pocket pressures specified. This run executes in less than 7 minutes in spite
of the 5 x 61 mesh. Sample 14 is a model of the full axial length (ISYM = 0), with an 11 x
61 mesh, in which non-zero €,, o and orifice size are specified and all 32 dynamic coefficients
are requested. This run took 7.7 hours to execute. Calculations for each of these coefficients
require convergence of the outer iteration loop with four unknown pocket pressures.

Samples I5 and 16 are models representing the full circumference and length with two rows of 4
pockets. The orifice size is calculated in the concentric aligned position in I5 while I6 calculates -
what happens when the rotor is displaced to the €, = 0.4 position and rotated about the x-axis by
o = 0.4. For IS, the resulting pressure distribution is shown in Figure 22. For 16, the film
thickness and pressure distributions are shown in Figure 23 and Figure 24, respectively.

Sample O15 is a case of a plain cylindrical seal with increasing housing wall roughness. The
wall roughness (ROUGHB) was varied from 1 x 10° to 1 x 10 in. in a logarithmic scale.
This input was used to generate the top curve of critical mass versus roughness shown in
Figure 25. The stabilizing effect of housing roughness is more pronounced at the higher
pressures due to the increased effect of inlet inertia.
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ICYL: ICYLF3 FILM THICHNESS DISTRIBUTION
RALEIGH STEP WITH VARIABLE DEPTH

RADIUS= 4.0000 SPEED:= 1000.0
LENGTH= 2.00800
CLEARANCE= . 10000E-02
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Figure 13. Film Thickness Distribution for Sample F3
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ICYL: ICYLF3 PRESSURE DISTRIBUTION
RALEIGH STEP WITH VARIABLE DEPTH

RADIUS= 4.0000 SPEED= 1000.0
LENGTH= 2.0000
CLEARANCE = .10000E-02
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Figure 14. Pressure Distribution for Sample F3
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[CYL: ICYLFA4 FILM THICHNESS DISTRIBUTION
TEST OF AXTAL FILM TAPER

RAD!US= 4.0000 SPEED= 1000.0
LENGTH= 2.0000
CLEARANCE= .10000E-02
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Figure 15. Film Thickness Distribution for Sample F4
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1CYL .

TEST OF AXIAL FILM TAPER

RADIUS= 4.0000 SPEED-= 1000.0
LENGTH= 2.0000
CLEARANCE= .10000E-02

ICYLF4 PRESSURE DISTRIBUTION

.466E+0

o4 rrrrrrrrr

—
o

95TR34-V4

Figure 16. Pressure Distribution for Sample F4
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J-LOBE SEAL PRELOAD= 0.8
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" Figure 17. Film Thickness Distribution for Sample F9
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PRESSURE DISTRIBUTION

ICYL: ICYLF9

J-LOBE SEAL PRELOAD= 0.8

RADIUS=

1000.0

SPEED-=

4.0000
2.0000

LENGTH=

.10000E-02

CLEARANCE=

for Sample F9

ibution

Distr

Figure 18. Pressure
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FCYL - 1CYLIZ

FILM THICHNESS DISTRIBUTION

4-POCKET SEAL: CALCULATION OF ECCENTRIC PERFORMANCE

RADIUS= 1.0000 SPEED=
LENGTH= 1.0000
CLEARANCE- .10000E-02

3600.0

— . 110E-0

Figure 20. Film Thickness Distribution for Sample I2
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SPEED=  3600.0
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Figure 21. Pressure Distribution for Sample I2




PRESSURE DISTRIBUTION
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ICYL

TEST OF ITERATIONS FOR POCKEY PRESSURES
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Figure 22. Pressure Distribution for Sample I5
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[CYL: ICYLIB FILM THICHNESS DISTRIBUTION
TEST OF ITERATIONS FOR POCKET PRESSURES

RADHUS= 1.0000 SPEED= 3600.0
LENGTH= 1.0000
CLEARANCE= .10000E-02

— .15BE-0

95TR34-V4

Figure 23. Film Thickness Distribution for Sample I6
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ICYL: ICYLIG PRESSURE DISTRIBUTION
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Figure 24. Pressure Distribution for Sample 16
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Figure 25. Critical Mass Versus Housing Roughness
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4.0 SAMPLE PROBLEMS FOR CODE IFACE

A number of sample problems were completed to demonstrate the behavior and various features
of the computer code. They are intended primarily for illustration and do not necessarily
represent recommended seal designs. Table 2 summarizes the mesh size, approximate execution
times (on a 33 MHz 486 PC) as well as the specified and computed variables.”

Sample 1 uses a coarse mesh, variable in both directions, to represent a 50° sector with a film
thickness that is tapered circumferentially by 1 mil. This sample demonstrates how different
input variables control the film thickness distribution. The left bottom corner point increases
the film from the reference clearance to 2 mils. DELTA(3,1) (see Figure 5) then decreases
the film thickness by 1 mil over the circumferential extent. The axial eccentricity ratio (EX=
-0.1) decreases the clearance distribution by 10% of CREF. The model is located in the first
quadrant, so the resulting pressure distribution produces a positive moment about the x axis
and a negative one about the y axis. The resulting film thickness distribution is shown in
Figure 26 and the pressure is shown in Figure 27.

Sample 2A specifies a geometry that is repeated circumferentially every 120°. A zero
pressure is specified at the first two grid lines of each pad while the rest of the pad's film
thickness is tapered. The prescribed external force and moments were obtained from the
negative of the results of a similar case at €,=0.2, a=0.5 and f=0. In sample 2A, the
program iterates on the position, starting from zero guess values, since Ex, ALFA or BETA
were not prescribed, and converges on €, = 0.2, o = 0.500002, and a near zero f§ in 4 outer
loop iterations. The resulting film thickness distribution is shown in Figure 28 and the
pressure i1s shown in Figure 29.

Samples 3A, 3B and 3C are used to illustrate the steps that would be used in calculating the
performance of a hydrostatically supported, 4-pocket face seal. A variable mesh is used to
describe the geometry of % of the circumference between 6 = 0 and 90° from the x-axis. One
pocket with a supply pressure of 1000 psi is centered on the section modeled. Pressures of 100
and 200 psi are prescribed at the inner and outer radii. Periodic circumferential boundary
conditions and 4 pads are specified to generate the geometry in the remaining three quadrants.

In sample 3A, sizing of the orifice diameter is performed with pocket pressures at 500 psi and
an aligned rotor. Although the % model corresponding to one pocket would be sufficient for
the orifice calculation, the full model was required in this case in order to calculate the
angular mode stiffness and damping coefficients. The output indicates an orifice diameter of
0.069 in., a total flowrate of 9 in.’/s, and a fluid film axial force of 7,376 1bf. The direct axial
stiffness is K,,=12.7x10° Ib/in. and the direct angular stiffness and damping coefficients are
33.2x10° 1b-in./rad and 29.6x10* lb-in./rad.

"K and B indicate calculation of stiffness and damping coefficients.
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Table 2. Summary of Sample Cases

Case Mesh size Variables Variables NPADS run time features
MxN specified calculated (sec)
1 Sx1t EX, ALFA 3.75 variable grid, DELTA(1,1)
2A 5x31 FXG, MXG, EX,ALFA, 3 125 prescribed force & moments,
MYG BETA DELTA(S,1)
3A Tx41 PPOCK DORIF, K,B 4 404 4-pocket, calculation of orifice &
coefficients
3B 7x41 DORIF, PPOCK 4 352 4-pocket, prescribed
EX,BETA displacements
3C 7x41 DORIF, FXG, PPOCK, EX, 4 566 4-pocket, prescribed force &
MXGMYG ALFA BETA moments, pressures read
13 9x37 K,B 4 1093 preloaded pads, roughness
multiple cases, DELTA(4,1)
17 9x65 ALFA 8 103 8 Rayleigh steps
15A 10x61 PPOCK DORIF, K.B 4 2115 4-pocket with XKE=1
15B 10x61 DORIF, EX, ALFA,BETA, 4 1368 4-pocket finding angular position,
MXG, MYG PPOCK pressures read

95TR34-V4
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Figure 27. Pressure Distribution for Sample 1
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Figure 28. Film Thickness Distribution for Sample 2A
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Figure 29. Pressure Distribution for Sample 2A
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In sample 3B, the fluid film forces are calculated for prescribed orifice diameters of 0.068 in., an
axial eccentricity ratio” of 20% and a misalignment ratio of 50% about the y-axis (DORIF, EX,
BETA). The pocket pressures converged in 4 iterations. The pressure increases in pockets 1 and
4 and decreases in 2 and 3. The fluid film axial force increases to 7,932 1bf, with resulting
moments of -287 and -5,216 in.-Ib about the x and y axes, respectively. The resulting film
thickness and pressure distributions are shown in Figures 30 and 31, respectively.

In sample 3C, the external force and moment are prescribed equal to the negative of the fluid
film forces calculated in sample 3B. The initial guess for pocket and film pressure
distributions were read from the values saved previously in sample case 3A. Although
convergence is also achieved in 4 outer loop iterations, it takes more time to execute (572
versus 360 seconds) because the program must now simultaneously iterate on three position
variables as well as the four pocket pressures.

Sample 13 illustrates multiple inputs in the same run. The model consists of 4 preloaded
pads, each with a preload ratio of 50% and a circumferential offset of 10°. The first input
prescribes a roughness of 0.02 mils to both surfaces while the second and third inputs have
smooth housing and rough rotor, and vice-versa. The last input restores smooth surfaces for
both housing and rotor. The resulting film thickness is shown in Figure 32; the pressure
distribution is shown in Figure 33. Table 3 illustrates the effects of surface roughness on the
torque and direct stiffness coefficients. It is noted that roughness of the housing alone can
increase the stiffnesses by 43 to 52% with less than 18% increase in torque, while roughness
of the rotor alone decreases the stiffnesses with equivalent increase in torque.

Sample 17 illustrates a hydroynamically supported face seal. The sealed pressure at the inner
radius is 1000 psi higher than the outer radius. Eight Rayleigh steps are equally spaced along
the circumference and are fed from the inner radius by a deep radial groove. A misalignment
ratio of 50% is specified about the x axis. The resulting film thickness is shown in Figure 34
and the pressure distribution is shown in Figure 35.

Samples 15A and 15B are similar to 3A and 3C, respectively, but with a finer mesh, which
takes significantly longer execution times (2116 and 1702 sec). The resulting film thickness
and pressure distributions are shown in Figure 36 and Figure 37.

“Prescribing EX=0.2 with CREF=0.001 is analogous to prescribing CREF=0.0012 with EX=0.0.
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Figure 30. Film Thickness Distribution for Sample 3B
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Figure 31. Pressure Distribution for Sample 3B
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Figure 32. Film Thickness Distribution for Sample 13
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Figure 33. Pressure Distribution for Sample 13
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Table 3. Effect of Roughness on Torque and Direct Stiffnesses

roughness (mils)

torque Kiz, KafKﬂB
otor housing (in.-Ib) (10%1b/in.) (10%1b-in frad)
0.02 0.02 2,900 245 1,956
0.02 0.00 2,354 158 1,153
0.00 0.02 2,366 263 2,035
0.00 0.00 2,006 184 1,337
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Figure 34. Film Thickness Distribution for Sample 17
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Figure 35. Pressure Distribution for Sample 17
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Figure 36. Film Thickness Distribution for Sample 15B
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Figure 37. Pressure Distribution for Sample 158
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5.0 VERIFICATION

ICYL has been compared with the results of two other MTI computer codes as well as with
currently published data. The first comparison was against a generic bearing program with
many similar capabilities (GBEAR) based on the turbulent lubrication theory of Ng and Pan.
A second comparison against a laminar bearing program (GASBEAR) was used to verify the
calculations of moments and angular coefficients. Finally, comparisons were made against
calculations published by San Andrés in Reference 14.

5.1 Comparison Against Other MTI Codes

The first of the MTI computer codes is GBEAR which is fully described in Reference 10.
This program is based on the turbulent lubrication theory of Ng and Pan [13] and does not
include surface roughness, housing rotation or calculation of misalignment coefficients. It
includes inertia pressure drop at exit from pockets but not from seal ends.

Calculations were made with a 90° seal sector at an eccentricity ratio of 0.5 and with a pocket at
its center with a prescribed pressure ratio of 0.5. Table 4 shows a comparison of pocket flow,
orifice size, force, and stiffness and damping coefficients. As expected, comparisons of GBEAR
against ICYL with the same friction model yielded nearly identical results. With the new friction
model that includes surface roughness effects, ICYL calculates lower torque (-32%), lower pocket
flow (-13%) and orifice size (-7%), and force components (-6%). Very good agreement in the
stiffness coefficients (-4%), and slightly higher damping coefficients (+13%) are obtained.

Other comparisons against GBEAR in the laminar regime and without pockets yielded
identical results.

A second MTI computer code with the fluid compressibility turned off (GASBEAR) was used
to verify the calculation of the 24 stiffness and damping coefficients which involve rotor
misalignment. GASBEAR was written for use in conjunction with plane journal bearings and
cylindrical seals and does not treat turbulence or pressurized pockets. The comparison, in the
laminar regime and with the same finite difference mesh, yielded identical coefficients.

5.2 Comparison Against Published Data

A detailed comparison was made of the five-pad hydrostatic bearing discussed by San Andrés
in Reference 13. This high speed hybrid journal bearing operates at relatively high levels of
pressurization and relatively low viscosity lubricants, in which the effects of pressure-induced
turbulence become important. Fluid inertia may also be important. Figure 38 is a plot of the
pressure distribution at the concentric position, while Figure 39 and Figure 40 plot it for 40%
eccentricity ratio of the journal between pockets and over a pocket center, respectively.
Reproductions of the corresponding pressure distributions published by San Andrés are
included in the figures for comparison. It is noticed that the size of the pressure drops at the
pocket exits (i.e., entrance to the film) as well as the general pressure distribution are
comparable for both analyses.
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Table 4. Comparison Against GBREAR

GBEAR ICYL ICYL ICYL

IFRIC=0 IFRIC=3 IFRIC=4
Recess flow (in’/s) 25.75 25.21 | 20.931 22.316
Orifice diam. (in) 0.0833 0.0820 0.0752 0.0776
Torque (1lb-in) 14.38 14.32 8.791 9.771
Power (Lb-in/s) 45,171 44,971 | 27,617 30,696
Fx (Lb) 3,694 3,358 3,352 3,477
Fy (Lb) -3,488 -3,122 | =-3,083 -3,346
Kxx (10° Lb/in) 2.352 2.267 2.329 2.344
Kxy (10° Lb/in) -1.461 -1.378 | -1.280 -1.397
Kyx (10° Lb/in) -1.998 -1.874 |- -1.871 -1.961
Kyy (10° Lb/in) 1.573 1.481 1.406 1.564
Bxx (Lb/in) 232.08 234.79 | 269.01 274.46
Bxy (Lb/in) -175.53 | -175.87 | -194.38 -199.65
Byx (Lb/in) -174.78 | -174.10 | -192.40 -200.56
Byy (Lb/in) 173.87 173.79 | 187.57 196.53
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Figure 38. Comparison to San Andrés Five-Pad Bearing at Concentric Position
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At the concentric position, bearing flow requirements calculated by ICYL is 42 versus about
44¢/min reported by San Andrés. Figure 41 and Figure 42 are plots comparing the direct and
cross-coupled stiffness coefficients and Figures 43 and 44 compare the direct and cross-
coupled damping coefficients, respectively, versus eccentricity ratio. In general, ICYL
predicts about 35% higher direct stiffness, 10% lower cross-coupled stiffness coefficients, and
15% lower direct damping at the concentric position. With increasing eccentricity ratio, the
coefficients are observed to behave similarly and some of the discrepancies decrease. The
cross-coupled damping coefficients with ICYL are equal in magnitude, opposite in sign and
zero at the concentirc position, as is expected with an incompressible fluid. San Andrés non-
zero concentric value (60 kN-s/m) is due to the fluid compressibility in the pocket. Figure 45
shows the critical mass versus eccentricity. The concentric value of 119 kg shows better stability
than predicted by San Andrés, which predicts an unstable bearing with a 30 kg mass.

The analysis of San Andrés includes the effect of fluid inertia in the film as well as some
special effects inside the pocket, such as fluid compressibility and a one-dimensional
circumferential pressure rise downstream of the orifice. There is also a slight difference in
friction law used: MTT's analysis follows the formula derived by Nelson [7] for the Moody
diagram, in which the term containing the Reynolds number is raised to the 1/3 power while
San Andrés uses the same formula with the power changed to 1/2.65 for a more restricted
range of Reynolds numbers.

The above comparisons should provide reasonable verification, as the only discrepancies between
the results can be explained by the different friction and inertia models between the codes.
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Figure 44. Comparison of Cross Damping Coefficients
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PC based using an OS/2 operating system. These codes were designed to treat film seals where a clearance exists
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films, and viscous pumping devices. The codes have demonstrated to be a valuable resource for seal development of
future air-breathing and space propulsion engines.
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